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The Fulde–Ferrell–Larkin–Ovchinnikov (FFLO) state in quasi-one-dimensional systems with warped Fermi surfaces
is examined in strong parallel magnetic fields. It is shown that the state is extremely stable for field directions around
nontrivial optimum directions, at which the upper critical field exhibits cusps, and that the stabilization is due to a
Fermi-surface effect analogous to the nesting effect for the spin density wave and charge density wave. Interestingly,
the behavior with cusps is analogous to that in a square lattice system in which the hole density is controlled. For the
organic superconductor (TMTSF)2ClO4, when the hopping parameters obtained by previous authors based on X-ray
crystallography results are assumed, the optimum directions are in quadrants consistent with the previous experimental
observations. Furthermore, near this set of parameters, we also find sets of hopping parameters that more precisely
reproduce the observed optimum in-plane field directions. These results are consistent with the hypothesis that the
FFLO state is realized in the organic superconductor.
The existence of the Fulde–Ferrell–Larkin–Ovchinnikov
(FFLO) state1–3) in exotic superconductors such as heavy
fermion4) and organic5) superconductors has been sug-
gested. In the quasi-one-dimensional (Q1D) organic com-
pound (TMTSF)2ClO4,6) Yonezawa et al. observed the φ
dependence of the onset transition temperature T onsetc (φ),
7, 8)
where φ denotes the angle between the in-planemagnetic field
H and the crystal a-axis. They found that the principal axis of
T onsetc (φ) changed at a high field H0, and argued that this may
be related to the emergence of the FFLO state. This motivated
us to examine the FFLO state in Q1D systems, particularly
the dependence of its stability on the in-plane magnetic-field
direction.
Possible origin of in-plane anisotropy – The observed
change of the principal axis, if caused by a transition to the
FFLO state, must primarily originate from the emergence
of the nonzero center-of-mass momentum q of the Cooper
pairs, which is characteristic of the FFLO state. Unless the
orbital effect is extremely weak, the modulation of the or-
der parameter due to the FFLO state (the FFLO modula-
tion) can occur in the direction parallel to the vortex line.9, 10)
In (TMTSF)2ClO4, the temperature dependence of the upper
critical field11–13) shows that the orbital effect is not negligibly
small. Therefore, it is reasonable to assume that q ‖ H .
Even when q = 0, the transition temperature Tc(φ) and up-
per critical field Hc(φ) depend on φ because of the orbital
pair-breaking effect, and they reflect the anisotropy of the
Fermi surface. In (TMTSF)2X, one of the hopping integrals
is much larger than the others, which gives rise to a highly
conductive chain. Therefore, the orbital pair-breaking effect
must be predominantly determined by the magnitude of the
component ofH perpendicular to the chain, which is consis-
tent with the observed behavior of T onsetc (φ) below H0. There-
fore, below H0, the anisotropy of T onsetc (φ) primarily origi-
nates from the orbital pair-breaking effect, and the paramag-
netic pair-breaking effect does not significantly contribute to
the anisotropy. In contrast, in the FFLO state, the finite q gives
rise to an additional effect from the Fermi-surface anisotropy
on the anisotropies of Tc(φ) and Hc(φ). Because q ‖ H , the
dependence on the direction ofH is equivalent to that on the
direction of q. When q , 0, φq = φ, where φq denotes the
angle between q and the crystal a-axis.
Nesting effect for FFLO state – Interestingly, most of
the candidate compounds for the FFLO state are quasi-low-
dimensional, presumably because of (i) the suppression of the
orbital pair-breaking effect in parallel magnetic fields5, 14–17)
and (ii) a stabilization effect that originates from the Fermi-
surface structure.17–20)
Effect (ii) is called the nesting effect for the FFLO state17)
in analogy to that for the spin and charge density waves (SDW
and CDW). If two electrons with k ↑ and −k + q ↓ are simul-
taneously near the Fermi surfaces split by the Zeeman energy,
they easily form a Cooper pair. Therefore, if such momenta
k occupy a large portion of the momentum space, the FFLO
state is stable. The “measure” of the occupied portion depends
on the shapes of the Fermi surfaces split by the Zeeman en-
ergy, and is closely related to the stability of the FFLO state.
In addition, the momentum dependence of the gap function
near the Fermi surfaces must be taken into account.
To examine the nesting effect, it is useful to consider the
overlap of the Fermi surface of the up-spin electrons and the
Fermi surface of the down-spin electrons that is shifted by q
(hereafter simply expressed as “the Fermi surfaces” at some
subsequent instances below). It is easily found that in one-
dimensional (1D) systems, the Fermi surfaces fully touch,
where one of them is shifted by an appropriate q; that is, the
nesting is perfect, which causes the upper critical field of the
FFLO state to diverge at T = 0. Hence, it appears that the
FFLO state is most stable in nearly 1D systems.21) However,
in the nearly 1D system, the usual nesting instability induces
the SDW or CDW at a higher transition temperature for re-
alistic coupling constants. Therefore, quasi-two-dimensional
(Q2D) systems in which the SDW and CDW transitions are
suppressed must be most favorable to the FFLO state. Note
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that in this context, the (TMTSF)2X compounds are classi-
fied as Q2D systems in the sense that the Fermi surfaces are
sufficiently warped that the SDW instability is suppressed,
although they are traditionally called “Q1D” organic super-
conductors because the hopping integrals in the crystal a-
direction are much larger than in the other directions.
In this letter, we examine the scenario in which T onsetc (φ)
is maximized when q is oriented by H in the optimum di-
rection due to the nesting effect. To focus on this effect, we
ignore the orbital pair-breaking effect. Therefore, in our theo-
retical model, we assume that the orbital effect is sufficiently
strong to lock the direction of q along H , and is negligibly
weak in the equations for Tc and Hc. The latter part of this
assumption is not quantitatively justified for (TMTSF)2ClO4;
however, even in our simplified model, it would be possible to
clarify the directions of the magnetic fields that most stabilize
the FFLO state.
Sensitivity of nesting effect – Because the nesting effect
sensitively depends on the Fermi-surface structure, a reliable
result—even an approximation—for the angular dependence
cannot be obtained solely by simple considerations regarding
the shape of the Fermi surface.
To clarify the nesting effect for the FFLO state in detail,
one of the authors studied a superconductor on a square lat-
tice using its ability to realize various shapes for the Fermi
surface by changing the hole density nh.19, 20) It might be ex-
pected from the analogy with the 1D system that the FFLO
state is most stable when the Fermi surface has flat portions.
However, in reality, a round Fermi surface at nh ≈ 0.630 pro-
vides the greatest stability for the FFLO state.19) At this hole
density, Hc(nh) exhibits a sharp cusp and exceeds five times
the Pauli paramagnetic limit.
The sharp cusp in Hc(nh) can be explained as follows.19)
The difference between the Fermi surfaces mentioned above
can be expressed by ∆kFx(ky, q) ≡ k↓Fx(ky − qy) − k↑Fx(ky) +
qx, where kx = kσFx(ky) expresses the Fermi surface of σ-spin
electrons. We define k0y (q) by ∆kFx(k
0
y(q), q) = 0, and suppose
that ∆kFx(ky, q) is expanded as ∆kFx(ky, q) ∝ (ky − k0y )n near
ky = k
0
y(q) with an integer n. The critical field is enhanced for
the q that gives n = 2, which implies that the Fermi surfaces
touch on the line at ky = k0y (q). In a square lattice system at
nh ≈ 0.630, n = 4 for an appropriate q, which results in the
previously mentioned sharp cusp and extreme enhancement
of Hc(nh).
Previous theories – The FFLO state has been theoretically
examined in (TMTSF)2ClO4 by many authors.22–30) For ex-
ample, Lebed and Wu compared their theoretical curve of
Hc2(T ) with the experimental data,7) and obtained a good
overall qualitative and quantitative agreement.25) Croitoru,
Houzet, and Buzdin studied the interplay between the orbital
effect and the FFLOmodulation, and obtained results suggest-
ing that the modulated phase stabilization was the origin of the
magnetic-field angle dependence of T onsetc (φ).
26) Miyawaki
and Shimahara examined the effect of the Fermi-surface
anisotropy in Q1D systems,28) and found a temperature-
induced dimensional crossover of Hc(T ) from one dimension
to two dimensions, which may be related to a small shoul-
der observed in the upper critical field curve for H ‖ a in
(TMTSF)2ClO4.7, 8) However, the relation between the change
of the principal axis and the Fermi-surface effect mentioned
above has not been clarified.
Assumptions and model – In (TMTSF)2ClO4 at ambient
pressure, the anion order doubles the periodicity in the crys-
tal b-direction, and influences the electron energy dispersion
near the edges of the Brillouin zone halved by the anion or-
der. This also corrects the quasi-particle excitations in super-
conductors and may eliminate the line nodes of the d-wave
gap function;31) however, it does not significantly affect the
FFLO state, because, as shown below, the optimum q makes
the Fermi surfaces touch at ky that is far away from those
edges.32) Therefore, we neglect the effect of the anion order
on the FFLO state.
Information on the crystal structure is indispensable for
a close comparison between the theoretical and experimen-
tal results. We adopt the cell parameters at a low temper-
ature and under atmospheric pressure obtained by Pe´velen
et al.;33, 34) however, we halve the lattice constant b be-
cause we neglect the anion order. Therefore, we assume
that a = 7.083 Å, b = 7.667 Å, c = 13.182 Å, α = 84.40◦,
β = 87.62◦, and γ = 69.00◦.
We refer to the lattice vectors along the crystal a-, b-, and
c-axes as a, b, and c, respectively. We also define aˆ = a/a,
bˆ = b/b, cˆ = c/c, a∗ = v−1b × c, b∗ = v−1c × a,
c∗ = v−1a × b, and v = a · (b × c). The crystal momen-
tum k can be expressed as k = kxa∗ + kyb∗ + kzc∗, where
kx = k · a, ky = k · b, and kz = k · c. Similarly, the FFLO
vector q is expressed as q = qxa∗ + qyb∗ + qzc∗. We define
q1 and ϕq by (qx, qy) = q1 (cosϕq , sin ϕq), and assume that
qz = 0. Because b is not perpendicular to a, q1 , |q| ≡ q. We
define the unit vector bˆ′ that satisfies bˆ′ · aˆ = 0 and bˆ′ · b > 0
by bˆ′ = (bˆ − cos γ · aˆ)/ sin γ. Therefore,
q cosφq = q · aˆ =
q1
a
cosϕq ,
q sinφq = q · bˆ′ =
q1
a
(a
b
sinϕq
sin γ
− cosϕq
tan γ
)
.
(1)
Considering application to (TMTSF)2ClO4, we assume the
following energy dispersion:33, 35, 36)
ǫ(k) = − 2tI3 cos ky
− 2tI4 cos(kx − ky) −
√
ǫ20 + [ǫ1(k)]
2,
(2)
where ǫ20 = t
2
S1 + t
2
S2 + t
2
I1 + t
2
I2 and
[ǫ1(k)]2 = 2tS1tS2 cos kx + 2(tS1tI1 + tS2tI2) cos ky
+ 2(tS1tI2 + tS2tI1) cos(kx − ky)
+ 2tI1tI2 cos(kx − 2ky).
(3)
Physical interpretations of the hopping integrals in real space
are presented in Refs. 33 and 35. We define ξ(k) = ǫ(k) − µ,
h = µe |H |, and ξσ(k, h) = ξ(k) − σh, where µ and µe are
the chemical potential and magnetic moment of the electron,
respectively. We assume a half-filled hole band, which cor-
responds to a quarter-filled hole band in a system where the
TMTSF molecules are not dimerized. We employ the param-
eter sets shown in Table I, where averages are taken because
the anion order is neglected. The Fermi surfaces for those pa-
rameter sets are similar, in the sense that theywarp in the same
directions, although the warping magnitudes are different, as
depicted in Fig. 1.
Formulation – The transition temperature and upper crit-
2
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Table I. Assumed parameter sets for (TMTSF)2ClO4 in units of meV. Pa-
rameter sets PA and PB are the sets of hopping integrals obtained by Pe´velen
et al.33) from their X-ray crystallography results for the molecules that are
nonequivalent as a result of the anion order. Pave is the parameter set obtained
from PA and PB by simple averaging, where the small differences between tI3
and tI5 and between tI4 and tI6, which are caused by the anion order, are ig-
nored. Aave is the parameter set obtained by Alemany et al.36) Parameter sets
M1 and M2 are similar to Pave, but the inter-chain hopping integrals are mod-
ified so that the experimental results are precisely reproduced.
PA PB Pave Aave M1 M2
tS1 413 362 387.5 278.5 387.5 387.5
tS2 324 335 329.5 242.6 329.5 329.5
tI1 −50 −50 −50.1 −50 −50
tI2 −100 −100 −56.4 −90 −90
tI3 (/tI5) 70/71 70.5 55.9 55 55
tI4 (/tI6) 20/21 20.5 −2.4 35 45
−0.5 0 0.5−1
0
1
kx / 2pi
k y
 
/ pi
Fig. 1. (Color online) Fermi surfaces derived from Eq. (2). The red dot-
dashed, blue solid, red thick solid, and blue dashed curves represent the Fermi
surfaces for parameter sets Aave, Pave, M1, and M2 , respectively. Although
a∗ and b∗ are not perpendicular to each other, the kx- and ky-axes are drawn
perpendicular to each other in this figure for convenience.
ical field can be calculated on the basis of equations pro-
vided in previous papers.17–20, 28, 37) In this letter, we calculate
hc(φ) = µeHc(φ) at T = 0. As previously mentioned, the di-
rection of q is locked in the direction of H ; i.e., φq = φ,
whereas the length q must be optimized so that hc is max-
imized. The φ dependence of hc(φ) at a fixed T is different
from that of Tc(φ) at a fixed |H |, and the orbital pair-breaking
effect must significantly reduce the magnitude of hc; however,
it is useful to examine hc(φ) because it represents the extent
of the stability of the FFLO state caused by the nesting effect.
In Q1D systems with open Fermi surfaces, we define
s = sgn(kx). The gap function near the Fermi surfaces
(kx = skFx(ky)) is expressed as ∆(s, ky) = ∆αγα(s, ky), where α
is the symmetry index. We examine both s-wave and d-wave
states expressed by γs(ky) = 1 and γd(ky) =
√
2 cos ky, respec-
tively, although in (TMTSF)2ClO4, presumably, the d-wave is
the most likely pairing symmetry.38) We do not consider the
possibility of triplet states in this letter.22, 23, 30, 39)
Results – Figures 2 and 3 show the hc(φ) of the s-wave
and d-wave FFLO states, respectively. Over wide ranges of
φ, the upper critical fields hc(φ) are remarkably enhanced by
the emergence of the FFLO state. In particular, they exhibit
sharp cusps, at the tops of which hc is more than six times the
Pauli paramagnetic limit.40) Their sharpness implies that the
directions of the cusps must remain the optimum directions
−4
−3
−2
−1
0
1
2
3
4
a
b′ b
h c
(φ)
 / ∆
s0 φ
 exp.
(30 kOe)
Aave
Pave
M1
M2
Fig. 2. (Color online) Upper critical fields of s-wave FFLO state at T = 0
scaled by zero-field gap ∆s0. The red dot-dashed, blue solid, red thick solid,
and blue dashed curves show the results for parameter sets Aave, Pave, M1 ,
and M2, respectively. The dashed straight line represents the direction of the
magnetic field (−63.3◦) at which the experimental T onsetc (φ) has a maximum
value for H = 30 kOe.7) The bold dashed circle shows the Pauli paramagnetic
limit hP/∆s0 = 1/
√
2 ≈ 0.7071.
−4
−3
−2
−1
0
1
2
3
4
a
b′ b
h c
(φ)
 / ∆
d0 φ
 exp.
(30 kOe)
Aave
Pave
M1
M2
Fig. 3. (Color online) Upper critical fields of d-wave FFLO state at T = 0.
The legend of this figure is similar to that of Fig. 2, except for the pairing
symmetry and the values of the Pauli paramagnetic limit hP/∆d0, which are
approximately equal to 0.6075, 0.6096, 0.6063, and 0.6070 for Pave, Aave,
M1, and M2, respectively, whose curves coincide within the line width.
of the magnetic field that stabilize the FFLO state the most
when the orbital pair-breaking effect is incorporated. The op-
timum directions are sensitive to changes in the inter-chain
hopping integrals, whereas for all parameter sets, they are in
the second and fourth quadrants, which do not contain the di-
rections of ±b. This agrees with the observations in T onsetc (φ).
The parameter sets M1 and M2 give the maxima of hc(φ) near
φ ≈ 63.3◦ and 78.3◦, at which the experimental T onsetc (φ) have
the maximum values when H = 30 and 47.5 kOe, respec-
tively. Comparing Figs. 2 and 3, it is found that the optimum
directions of φ do not strongly depend on the pairing symme-
try.
At the cusps, it is easily verified that n = 3, which means
the terms in ∆kFx(ky, q) proportional to (ky−k0y )1 and (ky−k0y)2
vanish. This behavior is essentially the same as that in the
square lattice system mentioned above,19) although the con-
trolling parameters (φ and nh) are different.
In Fig. 4, it is found that at each φ, the Fermi surfaces touch
or nearly touch when q is optimized. At φ ≈ −0.340π, which
is close to the optimum φ, the red closed circle shows that the
optimum q makes the Fermi surfaces touch. For this point,
3
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Figs. 5(a) and (b) depict the Fermi surfaces and optimum q
(the given φ and optimum q). Interestingly, at a φ value for
which the two red thin dashed curves are very close, such as
at φ ≈ −0.210π (the blue closed triangle), the optimum q devi-
ates from those curves, which means the Fermi surfaces cross
for the optimum q. However, as shown in Fig. 5(c), those
crossing Fermi surfaces are very close over a wide range of
ky, and their crossing angle is extremely small. Therefore, for
most practical purposes, we can regard the Fermi surfaces as
touching when q is optimized.
Figure 5 also shows that the points at which the Fermi sur-
faces touch are far away from ky = π/2, near which the anion
order affects the electron dispersion. Hence, the anion order
would not significantly change the present result.29)
−2
−1
0
1
2
a
b′ b
φ
qξh /5
qξ h
Fig. 4. (Color online) Angular dependence of optimum q(φ) for parameter
set M1 and d-wave pairing. ξh(φ) ≡ v0F/2hc(φ) and v0F ≡ tS1tS2a/~[t2S1+t2S2]1/2
are defined.41) The blue solid curve shows the value divided by five. The red
dashed curves show the q(φ) values that make the Fermi surfaces touch. The
red closed circle and blue closed triangle show the optimum q(φ) at φ =
−0.340π and −0.210π, respectively. For these points, the Fermi surfaces are
depicted in Figs. 5(a) and (b) and Fig. 5(c), respectively. The former is close
to the φ at which hc(φ) is a maximum. For reference, the critical field is shown
by the red thin solid curve in an arbitrary scale.
Discussion – The discrepancy between the theoretical and
experimental results is due to the simplifications in the present
theory and lack of accurate information on the model param-
eters. For example, although the optimum direction ofH de-
pends on the magnitude of the magnetic field in the experi-
mental observations, that is not so in the present theory. This
discrepancy may be improved if the orbital pair-breaking ef-
fect and order-parameter mixing23) are incorporated. A more
precise analysis that incorporates these factors is left for fu-
ture research.
Although we found parameter sets consistent with the ob-
servations, the ranges of the parameters that reproduce the
experimental results have not been clarified. The relation be-
tween the optimum direction and hopping parameters will be
examined in a separate paper.
Conclusion – In Q1D systems, the FFLO state is extremely
stable for in-plane field directions around the nontrivial opti-
mum directions indicated by the cusps in hc(φ). Interestingly,
this behavior with cusps where φ is controlled is analogous
to that in a square lattice system in which nh is controlled to
deform the Fermi surfaces. Hence, a similar behavior can oc-
cur in other low-dimensional systems with other controlling
parameters. For (TMTSF)2ClO4, it was shown that there ex-
−0.5 0 0.5
0
1
kx / 2pi
k y
 
/ pi
0.2 0.3
0.8
1.2
kx / 2pi
k y
 
/ pi
0.2 0.3
0.8
1.2
kx / 2pi
k y
 
/ pi
(a) (b) (c)
Fig. 5. (Color online) Fermi-surface nesting when parameter set M1 is as-
sumed. In panels (a) and (b) and panel (c), φq = −0.340π and −0.210π (i.e.,
ϕq = −0.3070π and −0.1200π), for which hc ≈ 3.895∆d0 and 1.738∆d0, re-
spectively. The solid and dashed curves represent the Fermi surfaces of the
holes with up and down spins, respectively. The red thin dotted and blue thin
dashed curves represent the Fermi surfaces of the holes with down spins that
are shifted by the vectors q (the small arrows), whose lengths maximize hc
for the given values of φ. The kx- and ky-axes are drawn perpendicular to each
other. In the present weak coupling theory, h ≪ tS1; however, for this figure,
we used a large value h = 0.1tS1 to make the displacement visible.
ist realistic parameter sets (M1 andM2) that can reproduce the
optimum directions ofH (‖ q) consistent with the experimen-
tal observations. Furthermore, for the parameter sets obtained
from previous studies (Pave and Aave), the optimum directions
are in the quadrants consistent with the experimental obser-
vations. These results are consistent with the hypothesis that
the FFLO state emerges in the Q1D organic superconductor
(TMTSF)2ClO4.
Acknowledgments The authors would like to thank S.Yonezawa for the
useful discussions and information. The authors would also like to thank
K.Kishigi for the useful discussions.
1) P. Fulde and R. A. Ferrell, Phys. Rev. 135, A550 (1964).
2) A. I. Larkin and Yu.N. Ovchinnikov, Zh. Eksp. Teor. Fiz. 47, 1136
(1964); translation: Sov. Phys. JETP, 20, 762 (1965).
3) R. Casalbuoni and G. Nardulli, Rev. Mod. Phys. 76, 263 (2004).
4) Y. Matsuda and H. Shimahara, J. Phys. Soc. Jpn. 76, 051005 (2007).
5) H. Shimahara, in The Physics of Organic Superconductors and Con-
ductors, ed. A.G. Lebed (Springer, Berlin, 2008), p. 687.
6) TMTSF stands for tetramethyltetraselenafulvalene.
7) S. Yonezawa, S. Kusaba, Y. Maeno, P. Auban-Senzier, C. Pasquier,
K. Bechgaard, and D. Jerome, Phys. Rev. Lett. 100, 117002 (2008).
8) S. Yonezawa, S. Kusaba, Y.Maeno, P.Auban-Senzier, C. Pasquier, and
D. Jerome, J. Phys. Soc. Jpn. 77, 054712 (2008).
9) L. W. Gruenberg and L. Gunther, Phys. Rev. Lett. 16, 996 (1966).
10) When the orbital effect is vanishingly weak, the Abrikosov function can
have large Landau level indices nL. The order parameters with nL ≫
1 exhibit a spatial modulation perpendicular to the vortex line. This
modulation is physically equivalent to the FFLO modulation because
in the limit nL →∞, the vortex state is reduced to the FFLO state.14,16)
Unless such states with large nL are considered, FFLO modulation can
occur only in the direction parallel toH .9)
11) I. J. Lee, A. P.Hope, M. J. Leone, and M. J. Naughton, Synthetic Metals
70, 747 (1995).
12) S. Yonezawa, Y.Maeno, K.Bechgaard, and D. Je´rome, Phys. Rev. B 85,
140502(R) (2012).
13) Near H = 0, Hc2 ∝ T (0)c −T , which indicates the presence of the orbital
pair-breaking effect.
14) H. Shimahara and D. Rainer, J. Phys. Soc. Jpn. 66, 3591 (1997).
4
J. Phys. Soc. Jpn. LETTERS
15) H. Shimahara, Journal of Superconductivity, 12, 469 (1999).
16) H. Shimahara, Phys. Rev. B 80, 214512 (2009).
17) H. Shimahara, Phys. Rev. B 50, 12760 (1994).
18) H. Shimahara, J. Phys. Soc. Jpn. 66, 541 (1997).
19) H. Shimahara, J. Phys. Soc. Jpn. 68, 3069 (1999).
20) H. Shimahara and K. Moriwake, J. Phys. Soc. Jpn. 71, 1234 (2002);
H. Shimahara and S. Hata, Phys. Rev. B 62, 14541 (2000).
21) The term “nearly” means that the system has three-dimensional inter-
actions that stabilize the long-range order at finite temperatures.
22) See references in Ref. 5.
23) H. Shimahara, Phys. Rev. B 62, 3524 (2000).
24) A.G. Lebed, Phys. Rev. Lett. 107, 087004 (2011).
25) A.G. Lebed and S. Wu, Phys. Rev. B 82, 172504 (2010).
26) M.D. Croitoru, M. Houzet, and A.I. Buzdin, Phys. Rev. Lett. 108,
207005 (2012).
27) For a review, see [M.D. Croitoru and A.I. Buzdin, Condens. Matter 2,
30 (2017)].
28) N. Miyawaki and H. Shimahara, J. Phys. Soc. Jpn. 83, 024703 (2014).
29) N.Miyawaki and H.Shimahara, J. Phys.: Conf. Ser.702, 012002 (2016).
30) H. Aizawa, K. Kuroki, T. Yokoyama, and Y. Tanaka, Phys. Rev. Lett.
102, 016403 (2009).
31) H. Shimahara, Phys. Rev. B 61, R14936 (2000).
32) Also in a simplified model, q ‖ a, and the touching of the Fermi sur-
faces is far away from the zone edge.29)
33) D. Le Pe´velen, J. Gaultier, Y. Barrans, D.Chasseau, F. Castet, and
L.Ducasse, Eur. Phys. J. B 19, 363 (2001).
34) S. Kusaba, S. Yonezawa, Y.Maeno, P.Auban-Senzier, C. Pasquier,
K. Bechgaard, and D. Je´rome, Solid State Sciences 10, 1768 (2008).
35) K. Kishigi and Y. Hasegawa, Phys. Rev. B 94, 085405 (2016).
36) P. Alemany, J.-P. Pouget, and E. Canadell, Phys. Rev. B 89, 155124
(2014).
37) For the reader’s convenience, we present the equations for the second-
order transition point (h, T ):
log
Tc
(0)
T
=
∫ ∞
0
dt
∑
s=±
∫ π
−π
dky
2π
ρα(0, s, ky)
Nα(0)
× sinh2 βζ
2
tanh t
t (cosh2 t + sinh2(βζ/2))
,
where Tc(0) is the zero-field transition temperature, and we define
ζ =
1
2
vF · q − h,
ρα(0, s, ky) = ρ(0, s, ky)
[
γα(s, ky)
]2
,
Nα(0) =
∑
s=±
∫ π
−π
ρα(0, s, ky)
dky
2π
.
ρ(ξ, s, ky) is the density of states defined by
1
N
∑
k
F(k) =
∫
dξ
∑
s=±
∫ π
−π
dky
2π
ρ(ξ, s, ky)F(ξ, s, ky)
for the arbitrary smooth function F(ξ(k), s, ky) = F(k). In the limit of
T = 0, hc is the solution of
hc =
1
2
∆α0 exp( fα(q)),
fα(q) = −
∑
s=±
∫ π
−π
dky
2π
ρα(0, s, ky)
Nα(0)
log
∣∣∣∣∣1 − vF · q2hc
∣∣∣∣∣ ,
where ∆α0 denotes ∆α when T = 0, H = 0, and q = 0.
38) The momentum dependence γd(ky) ≡ γd(kFx(ky), ky) =
√
2 cos ky may
appear to originate from inter-chain pairing. However, in reality, it
comes from intra-chain pairing. As derived in Ref. 42, the d-wave state
induced by the spin fluctuations in the quarter-filled band is primarily
expressed as γd(kx , ky) ∝ cos 2kx (i.e., γd(kx , ky) ∝ cos kx when the
molecules are dimerized). The momentum dependence γd(ky) ∝ cos ky
simulates the structure of the gap function of the d-wave state near the
Fermi surface. We confirmed by numerical calculations that this detail
does not significantly affect the result.
39) H. Shimahara, J. Phys. Soc. Jpn. 69, 1966 (2000).
40) For example, for parameter set M1, the cusps occur at φ ≈ −0.3392π
and 0.6608π (i.e., ϕq ≈ −0.3067π and 0.6933π). The maximum value
is hc ≈ 3.925∆d0, which is given by q ≈ 5.216 × h/tS1 .
41) v0F is the Fermi velocity at the half-filling in the 1D system with tI1 =
tI2 = tI3 = tI4 = 0.
42) H. Shimahara, J. Phys. Soc. Jpn. 58, 1735 (1989).
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